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Dur ing t h e  Apo l l o  p r o j e c t ,  crew comfo r t  i n  t h e  Apol l o  E x t r a v e h i c u l a r  Mobi l  i t y  
U n i t  (EMU) was mainta ined by manual man ipu la t i on  o f  a va lve  t h a t  c o n t r o l l e d  
the  i n l e t  c o o l a n t  temperature t o  t h e  l i q u i d  coo led garment (LCG).  Four i n l e t  
temperature s e l e c t i o n s  were p o s s i b l e  rang ing  approx imate ly  f r om  4 5 ' ~  t o  DOOF. 
Dur ing  Sky1 ab, s i m i l a r  comfort  c o n t r o l  was achieved by manual ly o p e r a t i n g  a 
va lve  which va r i ed  LCG c o o l a n t  f l o w  r a t e .  
The S h u t t l e  EMU design proposal  i n c l udes  an 11 -pos i t i on  manual v a l v e  t o  va ry  
i n l e t  c o o l a n t  temperature s i m i l a r  t o  t h e  method used i n  Apo l lo .  Eleven i n l e t  
temperatures would be a v a i l a b l e  f o r  s e l e c t i o n  vs. t he  f o u r  p r e v i o u s l y  a v a i l a b l e .  
Apo l lo  exper ience i n d i c a t e s  t h a t  some t r a i n i n g  i s  necessary t o  enhance t he  
crewman's comfor t  and o p t i m i z e  h i s  a b i l i t y  t o  c a r r y  a  workload. Several  ten -  
dencies were noted d u r i n g  l u n a r  and Skylab e x t r a v e h i c u l a r  a c t i v i t i e s  ( E V A ' S ) :  
a. Some crewmen precooled themselves i n  a n t i c i p a t i o n  o f  a  h i gh  a c t i v i t y  l e v e l  
and l e f t  t h e  v a l v e  i n  t h e  va lve  p o s i t i o n  se l ec ted  p r i o r  t o  t he  a c t i v i t y .  
A h i g h  l e v e l  o f  t r a i n i n g  i s  needed for such a n t i c i p a t i o n .  
b. Some crewmen tended t o  work a t  r a t e s  t h a t  were conducive t o  t h e i r  comfor t  
a t  some i n te rmed ia te  c o o l i n g  l e v e l .  They would slow down o r  s t op  and r e s t  
i f  t h e y  became t o o  ho t ,  or they  would speed up o r  h u r r y  t o  t h e  n e x t  a c t i v i t y  
', 
i f  t h e y  were t o o  coo l  . 
c .  A t  t imes ,  preoccupat ion w i t h  a  t a s k  would cause a crewman t o  f o r g e t  com- 
f o r t  u n t i l  excess ive sweat ing o r  f a t i g u e  became imminent, and ground con- 
t r o l  1  e r s  would suggest va l ve  changes. 
I t  was proposed t h a t  t h e  manual contrbol  va lve  be rep laced  w i t h  an  automat ic  
one as  a product  improvement i t e m  f o r  t h e  S h u t t l e  program. The automat ic  v a l v e  
proposed would sense t h e  norma l l y  measured parameters o f  LCG i n l e t  c o o l a n t  
temperature and LCG c o o l a n t  i n l e t  arid o u t l e t  temperature d i f f e r e n c e  (LCG AT) 
for use i n  c o n t r o l 1  i n g  comfor t .  I t  was f u r t h e r  proposed t h a t  i f  computer 
simulations gave encouraging r e su l t s ,  t h a t  t e s t s  would be run on Apollo hard- 
ware i n  which t h e  cont ro l l e r  l o g i c  was simulzted by real-time calculat ions.  
LEC/ASD was tasked with deternlininq the f e a s i b i l i t y  of such a control ler  
using Program J196 on t he  1110 computer and to  develop suggested control 
logic  fo r  tes t ing.  T h i s  memorandum contains the r e su l t s  of t h a t  e f fo r t .  
T h i s  concludes the requirements out1 ined by Action Item 46, Project  3030. 
The study was conducted by LEC/ASD, Dept. 641 -1 1 . 
2. DISCUSSION 
2.1 CONTROLLER LOGIC 
2.1 .1 GENERAL 
Using Program J196, the 41-node man program ( r e f .  1 ) , a map of comfort can be 
plotted a t  steady s t a t e .  Heat stored a t  steady s t a t e  can be calculated f o r  
a grid o f  metabolic rates and i n l e t  coolant temperatures a t  a given i n l e t  gas 
dry b u l b  temperature, dewpoint temperature, and flow r a t e ,  and a t  a given s u i t  
heat leak .  LCG coolant  temperature difference ( L C G  AT) a s  calculated a t  steady 
s t a t e  by the program can be pla t ted  vs. metabolic r a t e  f o r  constant i n l e t  
coolant temperatures. A t  each plotted point ,  the heat s tored a t  steady s t a t e  
can be noted. When the g r i d  is completed, comfort boundaries can be i n t e r -  
polated between t he  heat s torage value as follows: 
Stored heat a t  comfort (Btu) = Metabolic r a t e  (Btujhr)  - 278 + 65 
13.2 
A s e r i e s  of these comfort maps have been plotted.  An example of such a study 
i s  found i n  reference 2 .  An example of this type o f  p l a t  is shoriil i n  f igure  1 .  
From plots  such as f igure  1 , a r e l a t ~ o n s h i p  between i n l e t  coolant temperature 
and LCG AT a t  s teady-s ta te  comfort i s  established ( f igure  2'. I t  was estab- 
l ished by averaging together r e su l t s  f r o m  several conifort cb,-des such as in 
f igure  1 and modifying them to  get  be t t e r  r e su l t s  while dc , loping the con- 
t r o l l e r  logic.  
To develop logic f o r  t h i s  con t ro l l e r ,  however, some t r ans ien t  data was needed 
i n  order t o  input t o  the con t ro l l e r  how much variat ion i n  LCG AT was due t o  
previous i n l e t  temperature adjustments and how much was due to  changes in the 
a c t i v i t y  level o f  the crewman (metabol i c  ra te) .  Therefore, a con t ro l l e r  was 
simulated on the 41-node man program which adjusted i n l e t  LCG temperature by 
the heat storage o f  the body. This would be the ideal contro17er, b u t  the 
hardware i s  not p rac t i ca l .  Changes i n  AT vs. changes i n  i n l e t  temperature 
were deterrni~ed as the simulated man remained at perfect comfort while being 
stepped from one metabolic r a t e  to  another. These points were then plotted 
and an average curve drawn t h r o u g h  the points ( f ig .  3 ) .  This curve represents 
t h e  expected changes in AT for every change in in l e t  temperature i f  the con- 
t ro l l e r  i s  perfectly tracking comfort during a transient in metabolic rate.  
2.1.2 METHOD 1 - USF OF FIG1JRE 2 
The logic o f  the controller using figure 2 was developed as  f o l l o w s :  
where A T i n  = the adjustment signal to  the final control element, T i n  (set  
paint for the in l e t  coolant temperature to  the L C G ) ,  calculated 
from the methcd using figure 2. 
= The proportional gain constant f o r  the method using figure 2 .  
Tin 
' 
= The current i n l e t  temperature t o  the LCG. 
Ti nl  = The in le t  temperature a t  steady s ta te  comfort read off figure 2 as 
a function of the currently measured AT. 
2.13 METHOD 2 - USE OF FIGURE 3 
The logic of the controller using figure 3 was as follows: 
where 
AT i n2 = The adjustment sigcal t o  the final control element T i n  calculated 
from the method using figure 2 .  
K2 = The proportional gain constant for  this  method. 
n i n2 = The changes in the i n l e t  temperature based on figure 3.  
hfinp i s  read from f i g u r e  3 i n  the f o l l o w i n g  manner. dTi,/dt i s  ca lcu la ted  
( the  changes i n  i n l e t  temperature w i t h  t ime) .  dAT/dt i s  read from f i g u r e  3 
as t h e  expected change i n  AT (AT) dur ing  t he  same per iod  o f  t ime.  Since the 
- 
same pe r iod  o f  t i n e  i s  used, BAT i s  read as a func t i on  o f  ATin. The ac tua l  
change i n  A T  ( A A T ~  from t h e  expected ATT i s  then ca lcu la ted .  A c a l c u l a t i o n  
of the  dev ia t ion  ( ~ A A T )  o f  t he  actual  AAT' from the expected A ~ T  i s made as 
f o l l  ows : 
6 A A T  = AAT' - KT (3) 
6AAT i s  the  main  e r r o r  s igna l  f o r  t h i s  method. E r r o r  d e r i v i t i v e  and e r r o r  
integral  compensation were a lso added: 
where 
6hAT = AAT* - A% (eq. (3)) .  
= t h e  gain constant f o r  error d e r i v a t i v e  compensation. 
= the  e r r o r  d e r i v a t i v e  compensation. d t  
K4 = the gain constant fu r  the e r r o r  i n t e g r a l  compensation. 
6AATdt = the e r r o r  i n t e ~ r a l  co~npensation. 
The t o t a l  e r r o r  s igna l  BAAT i s  then used on the  A A T / A T  curve ( f i g .  3 )  t o  de- 
termine the adjustment t o  the f i n a l  c o n t r o l  element, T i , ,  by read ing  nin2 . 
nfinp i s  then app l ied  i n  eq. (2)  t o  determine the adjustment t a  t he  f i n a l  
con t ro l  element suppl ied by t h i s  method. 
2.5.4 FINAL TOTAL CONTROLLER SIGNAL COMBINED FROM FIGURE 2 AND FIGURE 3 
METHODS 
The two methods described i g  eqs. (1 ) and (2 )  a re  then combined t o  g i v e  a 
f i n a l  calculated value t o  the  f i n a l  c o n t r o l  elentent, Tin: 
where Tin' i s  the cu r ren t  value o f  t he  f i n a l  con t ro l  element, the i n l e t  LCG 
coolant  temperature set  po in t .  
2.1.5 NEGLECTED CONTROLLER CONSIDERATIONS 
Sensor respons2 times, c o n t r o l l e r  deadband, and speed o f  the  f i n 2 1  con t ro l  
element were neglected. It should be pointed ou t  t h a t  thl? f i n a l  con t ro l  e le -  
ment i s  t he  se t  p o i n t  f o r  the i n l e t  temperature t o  the  LCG. Another c o n t r o l l e r  
would be requ i red  t o  operate the  d i v e r t e r  va lve bypassing coolant  f low around 
the subl imator  i n  the  por tab le  l i f e  support system (PLSS) t o  con t ro l  the actual  
LCG i n l e t  temperature. The delay and l o g i c  o f  t h i s  c o n t r o l l e r  was neglected 
i n  the  program and the  i n l e t  temperature o f  the LCG was s e t  i n s t a n t l y  t o  the  
s e t  p o i n t  requi red.  
Output d i f f e r e n t i a l  and i n t e g r a l  csrnpensation were attempted i n  both methods 
(eqs. 1 and 2 ) .  Lack o f  t ime prevented the  development o f  gain constants t h a t  
would improve c o n t r o l l e r  r e s u l t s  and these  items were n o t  incorporated i n t o  
the t e s t  l o g i c .  E r ro r  d i f f e r e n t i a 7  and i n t e g r a l  compensation i n  method 1 was 
never t r i e d  f o r  l ack  of t ime. 
Con t ro l l e r  l o g i c  was based on Reference 3, pages 6-SERVO-] through 6-SERVO-20. 
2.1.6 PROGRAM CODE AND SAMPLE INPUT 
Appendix A shows t h e  program e d i t s  used t o  add tne  c a n t r o l l e r  l o g i c  t o  Pro- 
gram J196. A nomenclature l i s t  i s  inc luded.  
Appendix B shows the i n p u t  used t o  develop the necessary ca lcu la t ions  from 
program J196 t o  do the requ i red  p r e t e s t  p red ic t ions .  
2,2 CDNTROLLER L O G I C  VERIFICATION AND PRETEST PREDICTIONS 
A 40-hour metabol ic  p r o f i l e  was r u n  on t h e  3196 program, and values f o r  the  
ga in  cons tan ts  K1, K p ,  5 and K were v a r i e d  t o  o b t a i n  optimum c o n t r o l l e r  4 
ac t i on .  F igures 4 and 5 show t h e  b e s t  r e s u l t s  t h a t  were ob ta ined  be fo re  an 
ac tua l  hardware t e s t  o f  a s imu la ted  c o n t r o l l e r  was run.  F i gu re  4 shows the 
metabo l i c  p r o f i l e  vs. t ime.  On t h e  same graph ,  t h e  c o n t r o l l e r  s e l e c t e d  i n l e t  
temperature and t h e  r e s u l t i n g  LCG AT a r e  p l o t t e d .  F igure  5 shows t he  r e s u l t i n g  
heat  s t o r e d  vs. t ime  and how i t  compares t o  the  comfor t  l i m i t s .  On t h e  same 
graph, c o n t r o l l e r  a c t i o n  i s  shown by a p l o t  o f  LCE i n l e t  temperature vs. t ime. 
The b e s t  values f o r  t!ie c o n t r o l l e r  parameters r e s u l  l i n g  from these computer 
runs were a s  f o l l  ows : 
a. Values f o r  the  i n l e t  temperature vs. LCG AT a t  steady s t a t e  comfor t  were 
taken f rom f i g u r e  2. 
b. Values f o r  AAT vs.  AT w h i l e  t r a c k i n g  p e r f e c t  comfor t  were taken  f rom 
f i g u r e  3. 
c. Values f o r  K1,  Kp, Kg and K4 were s e t  a t  0.085, 2.6, 0.0000001, and 0.01, 
, r e s p e c t i v e l y  . 
P r e t e s t  p r e d i c t i o n s  o f  t h e  c o n t r o l  1 e r  t e s t  p r o f i l e  were run  u s i n g  t h e  bes t  
c o n t r o l l e r  l o g i c  achieved t o  t h a t  p o i n t .  Metabol i c  r a t e  l e v e l s  were proposed 
t o  be 15 minutes each o f  800, 2000, 400, and 1600 B tu /h r .  Resul ts  a r e  shown 
i n  f i g u r e  6. Th is  graph shows hea t  s t o red  vs. comfor t  l i m i t s .  Valve a c t i o n  
i s  shown by p lo t .L ing  i n l e t  LCG temperature f o r  expected t e s t  cond i t i ons .  Re- 
commendations f o r  t h e  t e s t  s imu la ted  c o n t r o l  1  er i n c l uded  t h e  f o l  l ow ing :  
a .  Se t  p o i n t  values for the  two curves were s e t  a t  t h e  f i g u r e  2 and 3 values 
as be fo re .  
b. K1, K p ,  Kg, and Kq va lues were s e t  a t  0.0952, 2.91 2, 0.0000001 , and 0.01, 
r e s p e c t i v e l y .  
3. CONCLUSIONS ANC RECOMMENDATIONS 
3.1 CONCLUSIONS 
I t  can be concluded f r o m  computer simulation t h a t  crewman comfort can be assured 
by using automatic control of the in l e t  temperature o f  the coolant into the LCG 
when i n p u t  t o  the controller consists o f  measurements o f  the LCE i n l e t  tempera- 
ture and AT. Subsequent tes t s  using a facsimile of the control logic developed 
in the computer program confirmed the feas ib i l i ty  of such a design scheme. 
Automatic comfort control has been demonstrated as a desirable product il,fprove- 
ment. It i s  not a design requirement. 
3 . 2  RECOMMENDATIONS. 
This controller should be fabricated and tested i f  funds can be made available 
.For product improvement or i f  some reason i s  discovered that makes the inclu- 
s ion  o f  the device mandatory. 
Design of the controller should include manual adjustment for  shif t ing the 
curves from figures 2 and 3 t o  conform to physical changes such as a heat leak 
o r  in1 e t  su i t  ventilation conditions and t o  compensate for  personal preferences 
in comfort level. Design provisions should also be included in the PLSS hard- 
ware t o  allow that t h e  controller be bypassed and that  manual control o f  the 
d i v e r t e r  valve be available. 
Final values o f  K, , Kg, Kg, and K4 should be determined by t e s t .  Final values 
for cJrves 2 and 3 can a l so  be fine-tuned in testing. O u t p u t  d i fferent ial  and 
integral compensation should be tested on b o t h  methods and error  dif; 'erential  
and integral compensation t r ied on rnethod 1. 
Recommendations for control 1 er logic considerations were taken from reference 3 ,  
pages 6-SERVO-1 through 6-SERVO-20. 
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APPENDIX A 
PROGRAM EDITS  TO MODEL THE 
PROPOSED CONTROLLER 
(NOMENCLATURE LIST I S  INCLUDED) 
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UHE ChP I ?I ,  CU F T---------------------------T 1 F 9  t F 9  
O5PHEPIC OXYLFN P C R T I b L  FRESSUaEf  PS14--------'  1 F 9  
U S P H L R I C  W Y  TRCGErJ P b H T I h t  PRESSURE F Q  
C T F I C  H E A T  UF A T f I F S P H E d E r  E T U f  ( l a g - D t G  Fl-----' 
BER UF pEt3--------,-----------------,--------* I F 9  
O S P H t R l C  P W C S S u R E ,  PSIA-----------------------• *19 
l~ HALL  ARE^, sc ~f--------------------------- ? F 9  ',F9 
4LL L A G  
ALL L A G  
ALL LAb 
ALL L l h  
a L t  L ~ I S  
I F  r c ~ u i  i c 
1~ 1 c 2 r  I c 
I f  ( C U E F F )  C 
IFlmhOTm C U F  
i F C t L = * F  
CALL L A G l h l 9  
b l 3 O T 1 = 1 d Q L T l +  
n i l  L P G  
ALL LAb 
ALL LLG 
1 G O  T O  
COkTlHUE:  
I F  I C C F Y S )  CALL L P G I t g  ( ! ~ I C C C F f l S , N P C F E S t Z * f f H F w C F  
1F t * h O T r  C A h S )  G O  T O  7 - 2  
C P L L  L h C I Y  ( l l l t C l ~ S 1 Y P ~ F S ~ 2 ~ T I ~ E ~ A K 5 T I  
L C  725 I = 1 * 1 G  - - 
COCu TltrLlE 
l f l T f b h  .OK, IO.Eb. 01 60 TO 9 3 "  
C b L L  T l l A T d X  
CC:uT fhUE 
C L T 2 T l = C t L T A  T 
b l L P L T = h D L D L  T 
CALL S U I T  
! l?i2 '=3'.* 
11s: t 3 1 r  
c l l T u  63 2 9  
dl l Y r  6 3 3 *  
t l l C . .  5 3 4 0  
- 11:-7 t 354 
. 11 Ira 6360 
1-1111 5 3 7 *  
G 1 1 1 Z  6 3 t *  
I l l  15 6 3 9 *  
1 1 1 1 5  b Q S *  , 
C ! 1 1 7  64 I *  
C 1121 64 29 
CPLL i h G ~ k i i  
h G U B T R  = K O U N T R + 2 4  
7Li4 1F I I 4 P A I P  .A t iG .  O S T G R  .(if. 1nCI01 GO TO 7 C b  
I r E H E L I S T  /PO1 
* R f  T t l 6  r m O l  l 
I F  I C 0 3 E  .EP 
IF t I P L O P )  u 
FORMAT ( 1 5 H  
F 7 . 2 ,  
t L P T T R  = C L P  
1 F  ( I F L O P )  G 
I F  ( F O U h T Q  . 
P O U k T R  = K O U  
1 .DR. ~ Q S E  .E.. T I  baxTEre.2 
2 1 T E ( t t  1 0 3 3 )  T C A G I T D E U C I C C ~ ~ ! M H  
CAkIPi T i p P  = , F 7 . 1 ,  bH PLG F , 1 8  
5E LeEG Ft17t- I  ~ 0 2  PRESSURE - 1  
T ( 1 1  + O L S T t S )  + O L I T ( L I  + C L h T  
0 10 1612 
LC. 48) a 0  TC l h b 6  
rrTk + 3 
EOm 4 9 1  
NTR + 4 
J T = n  
LO TO 9 1 5  $11 L N D O R X = c T R U E  
X H A  T = X H L  T I R t  I X H I  
9 1 5  C C N T I h U E  
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Figure 2 Curve o f  LCG AT vs,  i n l e t  temperature a t  
comfort (both i n  OF), 
Figure 3 Curve o f  change i n  LCG AT vs. change i n  
LCG i n l e t  temperature whi le  t rack ing per- 
f e c t  comfort w i t h  the changes i n  i n l e t  
temperature as the  dependent var iab le  
( a l l  O F ) .  




AAT o r  
dAT/d t 
Curve o f  change i n  LCG AT vs.  change i n  
LCG i n l e t  ten~perature wl l i le  t rack ing per- 
f e c t  comfort w i t h  the change i n  LCG AT 
as the dependent var iable ( a l l  OF).  
Dif ference i n  the l i q u i d  cooled garment 
in1  e t  and o u t l e t  coolant temperature (OF). 
Error d i  f f e r e n t i a l  compensation ( O ~ / h r ) .  
Change i n  LCG AT w i th  respect t o  time. 
i (Time cancels out  on the AAT vs. AT curve) 
( O ~ / h r  o r  OF). 
Difference i n  the l i q u i d  cooled garment 
i n l e t  and o u t l e t  coolant temperatures 
calculated i n  previous time step ( O F ) .  
The adjustment signal t o  the f i n a l  con- 
t r o l  element using method 2, f i gu re  3, 
eq. (2). 
Final  complete adjustment s ignal  t o  the 
f i n a l  cont ro l  element, Ti,. 
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Changes i n  LCG i n l e t  temperature between 
cu r ren t  t ime  increment and l a s t  ( O ~ / h r ) .  
Expected change Sn LCG AT ( d ~ T / d t )  
t h a t  would accompany a change i n  LCG 
i n l e t  temperature i f  p e r f e c t  comfort 
were being t racked ( '~ /hr) .  
Current t ime  i ncrement (hr) . 
Previous t ime increment ( h r ) .  
SummatSon o f  MAT times the  t ime i n c r e -  
ment ( O ~ / h r ) .  
New p o s i t i o n  o f  the  f i n a l  con t ro l  element 
as ca lcu la ted by method 2 ,  f i g u r e  3, 
eq. ( 2 )  (OF). 
New p o s i t i o n  o f  the  f i n a l  con t ro l  ele- 
ment (OF). 
Pos i t i on  o f  the f i n a l  con t ro l  element 
a t  the previous t ime increment (OF).  
Pos i t i on  o f  the f i n a l  c o r ~ t r o l  element 
as ca l cu la ted  by method 1, f i g u r e  2, 
es* (1). 
Deviat ion o f  the actual  change i n  
LCG AT from the expected change i n  LCG AT 
WILDLT WOLDLT a t  the previous t ime increment. 
APPENDIX B 
INPUT TO PROGRAM 5196 TO BRING ABOUT 
THE NECESSARY CONTROLLER PRETEST PREDI CTIONS 
AND EVALUATIONS 

E R D  ELTe 
. - - -  
